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reproducibly demonstrated in animals [129] . This allows for mechanistic investigations that are difficult to perform in humans.
The primary focus of this review is to highlight the potential mechanisms underlying the detrimental effects of SI. Data demonstrating a link between SI, the integrity of the hypothalamic-pituitary-adrenal (HPA) axis, autonomic dysregulation, and changes in systemic inflammation are emerging. Each represents a plausible biological mechanism that potentially mediates the associated increased incidence, morbidity and mortality from common vascular and neurological diseases seen in isolated individuals. Particular attention is devoted to atherosclerosis and coronary heart disease, ischemic stroke, cognitive impairment, and Alzheimer's disease. Due to the considerable volume of literature available on psychosocial factors and disease, studies are separated into population-based epidemiological studies and experimental studies.
Part I: SI and its effects on all-cause mortality

Defining SI
The terms 'social isolation' and 'loneliness' are frequently used interchangeably, although they refer to different concepts [24, 48] and only demonstrate a moderate level of correlation [13, 18] . Objective social isolation and perceived social isolation (loneliness) are distinct biological stressors associated with unique downstream effects and susceptibility to disease, although they may have mechanistic overlap. Loneliness has been defined as "how individuals evaluate their level and quality of social contact and engagement" [132] . Absent from that definition is the quantity of relationships. Social isolation, by contrast, is an objective term that refers to the lack of social contacts (spouse, family, friends, colleagues, etc.). These are related, though distinct concepts. Indeed, it is possible to feel lonely amongst a crowd and fulfillment in isolation. The focus of this review is primarily on objective isolation and the biological underpinnings linking it to disease risk and mortality. As such, a strong effort is made to reference studies explicitly examining the objective aspects of isolation rather than loneliness. However, studies on the physiological effects of loneliness in health and disease may offer insight into the biological mechanisms of objective social isolation and are occasionally examined throughout the review to supplement our understanding.
SI and mortality in humans
The impact of social relationships on health has been recognized for several decades. Two physician-epidemiologists Cassel [14] and Cobb [16] pioneered the concept that social relationships can reduce the deleterious health effects of psychosocial stress. They suggested that having social support promotes adaptive behaviors and favorable neuroendocrine responses to biological stressors. However, these early studies were retrospective or cross sectional, limiting their reliability.
It was not until the late 1970s that empirical data from long-term prospective cohorts began to emerge [53] . Several of these studies showed that poor social support is linked to higher mortality rates (Table 1) . Interestingly, some studies found that isolation [140] increased mortality only in older men, suggesting that the association between isolation and mortality is sex specific, and may be missed if sex-specific analysis is not performed. These conflicting results exemplify the importance of standardizing our measures of objective and subjective isolation in clinical populations, and highlight the need for biological models in which confounders and sex differences can be controlled. SI, comorbid depression, and mortality in rodents SI in rodents is independently associated with increased mortality in a variety of disease models including cancer [80] and vascular disease. For example, the median survival time was significantly reduced in isolated atherogenic mice compared to animals pair housed (PH) 4-5/cage; animals PH 2-3/cage demonstrated a median survival time between these two groups [89] . 2 weeks of SI prior to experimental stroke decreased survival and enhanced stroke-induced behavioral deficits [21, 65] .
Short-term SI induces depressive symptoms in male mice [122] and this appears to be exacerbated in animals Drageset et al. [30] subjected to injury. In an experimental stroke model, Verma et al. [130] showed that SI was associated with post-stroke development of several distinct phenotypes associated with depression: avolition, anhedonia, and sociability. Importantly, these deficits in sociability worsened over time in SI mice, suggesting that isolation induces progressive social withdrawal after brain injury. Pair housing reversed this depressive phenotype and was associated with increased brain-derived neurotrophic factor (BDNF) levels and neurogenesis [93, 127] . Therefore, SI appears to contribute to a depressive phenotype in rodents. Given that depression is shown to be independently associated with mortality in animals with stroke [20] and humans [144] , specifically men [62] , SI-induced depression may partially mediate risks of mortality associated with isolation. Future experimental studies assessing the efficacy of antidepressants to treat these behaviors and potentially enhance survival are needed. However, designing appropriate and effective treatments to reverse the detrimental effects of isolation and other social stressors requires a better mechanistic understanding of how these factors influence mortality. Current evidence has implicated inflammatory signaling, hypothalamic-pituitary-adrenal (HPA) axis dysfunction, and the autonomic nervous system (ANS).
Part II: SI, the HPA axis, the ANS, and systemic inflammation
Background
Chronic SI is a potent psychological stressor [15] that confers an increased susceptibility to inflammatory disease. This section will review the literature concerning how SI may impart neuroendocrine dysregulation via the well-defined HPA axis and the autonomic nervous system (ANS), and their downstream effects on the systemic immune response. All of the diseases considered later in this review have systemic inflammatory components; a comprehensive assessment of what is currently known on this topic is therefore both essential and warranted for a later discussion of the impact of SI on vascular and neurological disease. The HPA axis serves dual roles as both the physiological responder to stress [26] as well as an immune system regulator. Downstream endogenous glucocorticoids synthesized in the adrenal cortex fulfill these roles, binding to the nuclear glucocorticoid receptor (GR) to inhibit the translocation of pro-inflammatory transcription factors (i.e., NF-κB) while simultaneously transactivating anti-inflammatory gene expression [87, 103] . Therefore, glucocorticoid output helps the organism handle stressful situations in part by actively inhibiting pro-inflammatory processes and promoting an anti-inflammatory environment. The active glucocorticoid in humans is cortisol, whereas in rodents it is corticosterone.
Glucocorticoids play a critical role in determining the leukocyte subset composition in the blood. The GR is very sensitive to changes in serum glucocorticoid concentration, reliably producing a response in leukocyte subsets within 4-6 h of receptor activation in healthy young adults [23] . The GR-mediated change in circulating leukocyte composition is accomplished by altering the rate of immune cell trafficking between the blood and surrounding perivascular parenchymal tissue in a cell-type-specific manner [18, 23] . This pathway is regulated via a negative feedback mechanism operating on the HPA axis, whereby secreted glucocorticoids inhibit upstream corticotropin-releasing hormone (CRH) and adrenocorticotropic hormone (ACTH) secretion from the hypothalamus and pituitary, respectively [111, 125] . As CRH and ACTH are necessary to signal the adrenal cortex to produce glucocorticoids, inhibiting their secretion effectively suppresses glucocorticoid synthesis.
Chronic stressors contribute to persistent increases in plasma glucocorticoids in both humans and animals, and the body ultimately adapts through various pathological processes. An elevated serum glucocorticoid level globally overstimulates the GR, reducing the receptor's sensitivity-particularly in murine splenic macrophages [101] and human leukocytes [84] . One potential mechanism of GR desensitization involves p38 (a mitogen activated protein kinase) phosphorylation of the GR, inhibiting its nuclear translocation [134] . The GR normally functions as a transcriptional repressor of the pro-inflammatory transcription factor NFκ-B. Given the diverse functions of the HPA axis, it follows logically that its disruption would invoke multisystem pathology.
Neural activity in the brain is subject to modification in the presence or absence of social support, and displays robust differences in cortisol reactivity when presented with acute social stressors (see Fig. 1 ) [31] . Short-term positive social interaction has the capacity to alter HPA axis sensitivity, as well as alter the neuronal firing patterns of certain brain regions.
The brain also communicates with the immune system through the ANS, via both the sympathetic (SNS) and the parasympathetic (PSNS) branches. Within the PSNS, stimulation of the vagus nerve is anti-inflammatory, inhibiting TNF-α release by macrophages [8] . While the PSNS dampens the immune response, the SNS mediates the 'fight or flight' reaction to stress, and its activation can stimulate immune cell mobilization [1] . The SNS appears to play a specific role in the detrimental effects of social stressors, and possibly isolation, via hematopoietic alterations (see Fig. 3 ). The SNS therefore complements the HPA axis in the response to chronic stress insofar as that the former drives the production of pro-inflammatory immune cells in the bone marrow, while the latter both alters trafficking patterns and desensitizes the switch that regulates the overall inflammatory state of existing leukocytes. Consequently, perturbations of these systems by chronic stress such as social isolation may impart extensive, long lasting, and damaging inflammatory processes upon the organism.
Comparison of SI versus loneliness, and their associated stress mechanisms in humans Immunological changes are prevalent in socially isolated individuals. In large nationwide samples, serum fibrinogen levels were significantly increased in SI men of all ages, with older men displaying an elevated overall inflammation burden index [140] . Moreover, SI has been associated with elevated circulating levels of C-reactive protein (CRP), but again, only in men [81] . Greater serum IL-6 concentrations were reported in both sexes scoring low on a social network index compared to those with higher scores [82] . This isolation-dependent pro-inflammatory environment, often referred to as the 'Conserved Transcriptional Response to Adversity' (CTRA), is expected in the context of HPA axis dysfunction and GR desensitization. Providing further evidence that this mechanism is relevant, higher cortisol levels are observed in healthy middle-aged adults that are isolated [39] .
Data gleaned from studies examining loneliness may provide clues as to how objective SI serves as a psychosocial stressor to further impart immunological changes.
Cole et al. [19] analyzed differences in the adult leukocyte gene profile attributable to loneliness and found significant increases in leukocyte pro-inflammatory gene expression and significant decreases in antiviral gene expression in chronically lonely individuals. This pattern increases the risk of infections and exacerbates diseases with inflammatory components such as atherosclerosis and ischemic stroke. Cole [18] later retrospectively analyzed a large population-based sample of relatively healthy Taiwanese adults to assess the effect of loneliness on GR sensitivity to endogenous glucocorticoids. For non-lonely participants, there was a positive correlation between urinary glucocorticoid concentration and blood leukocyte ratios. Among selfreported lonely participants this correlation was lost, suggesting GR desensitization and consequent dysfunction in the GR-mediated cellular trafficking system in the presence of loneliness. This process is illustrated in Fig. 2 .
The findings of these studies in lonely individuals closely mirror the downstream effects seen with SI. In both cases, GR desensitization contributes to a pro-inflammatory CTRA in leukocytes. Collectively, this data suggests partial mechanistic overlap between objective SI and its more subjective counterpart, loneliness. Loneliness may exacerbate the deleterious health effects of SI in patients afflicted with both. However, the presence of either SI or loneliness is presumably sufficient to observe an effect on inflammatory disease. In fact, each independently increases coronary heart disease incidence and mortality [44, 45] . More research is needed to determine the extent of immunological changes downstream of HPA axis dysregulation Fig. 1 Lower levels of daily social support correlated with increased neural activity in both the dorsal anterior cingulate cortex (dACC) and Brodmann's area (BA) 8 of the dorsal superior frontal gyrus as well as increased cortisol reactivity to acute social stress tasks. Neurons of the dACC fire in animals experiencing distress associated social rejection, whereas BA 8 activity has been associated with maternal separation. By contrast, participants who interacted with more supportive individuals displayed attenuated neural activity and cortisol response to the acute stress task. Yellow indicate regions that correlate positively with social distress; green indicate regions that correlate negatively with social support; red indicates regions that correlate positively with cortisol responses. Reprinted from Eisenberger et al. [31] , with permission from Elsevier following SI in humans. Emerging data have linked objective SI to deleterious chronic low-grade systemic inflammation that appears to be both sex and age dependent.
SI and stress mechanisms in rodents
Similar to what occurs in humans, SI alters the rodent HPA axis. Elevated levels of corticotropin-releasing hormone, adrenocorticotropic hormone, and corticosterone were observed in rats subjected to SI. Isolation has also been shown to increase pituitary sensitivity to corticotropin-releasing hormone leading to impairments in HPA axis negative feedback mechanisms in rats [12, 111] . Interestingly, HPA axis deficits were ameliorated with antioxidant treatment, suggesting a role of oxidative stress in the effect of isolation on neuroendocrine function [17] .
Rodent studies have identified another important contributory mechanism at work following social stress. Repeated social disruption, a model of psychosocial stress, results in a significant increase in pro-inflammatory myelopoietic cell egress from the bone marrow of mice, indicating that chronic social stress may alter hematopoiesis [99] . What is driving this process? Norepinephrine (as well as other circulating catecholamines) secreted from sympathetic nerves act on hematopoietic stem cell β-adrenergic receptors located in the bone marrow to initiate hematopoiesis [32] . Pharmacological antagonists targeting the β-adrenergic receptor, as well as the myelopoietic autocrine growth factor GM-CSF, independently ameliorated pro-inflammatory monocyte production in socially stressed murine bone marrow [99] . GM-CSF and β-adrenergic receptors may therefore represent viable therapeutic targets to reduce the damaging pro-inflammatory response associated with social stressors. By extension, it is feasible that other psychosocial stressors such as SI may similarly invoke SNS-mediated myelopoietic changes. Figure 3 illustrates this pathological response.
Future studies should examine whether the SNS constitutes a contributory, targetable pathway underlying the detrimental effects of SI as well. The contribution of SI to vascular disease pathogenesis and outcome may therefore involve multiple systems including the neuroendocrine (HPA) axis as well as the ANS, particularly the sympathetic Fig. 2 Effect of chronic loneliness on neuroendocrine and peripheral leukocyte response. Loneliness stimulates the HPA axis by increasing ACTH and CRH secretion from the hypothalamus and pituitary, respectively. Consequently, the physiological concentrations of serum GC (cortisol in humans; corticosterone in rodents) will become chronically elevated. This contributes to excessive stimulation of the intracellular GR, particularly in peripheral leukocytes, leading to receptor desensitization and a reduction in GR expression. Leukocyte GR signaling normally regulates trafficking patterns as well as inflammatory gene expression. Alterations in these fundamental peripheral immune cell functions contribute to susceptibility to inflammatory diseases. This figure was generated using Servier Medical Arts branch. Indeed, the effects of social isolation on vascular disorders are wide-ranging, and merit in-depth analysis.
Part III: isolation as a factor in cardiovascular disease and ischemic stroke SI and CVD in humans Social isolation has been identified as a risk factor for incident CVD [43] . Furthermore, SI [126] in CVD patients has been associated with increased recurrent cardiac morbidity and mortality, and accelerated development of carotid atherosclerosis is seen in isolated CVD patients [104] . Chronically elevated heart rate and blood pressure in response to psychological stress may generate a 'hyperresponsive' SNS in some individuals; these patients are more susceptible to plaque deposition than their socially integrated counterparts [104] . The risk ratios in these studies are quite substantial, suggesting that it will be critical for clinicians and caretakers to monitor discharged cardiac patients for signs and symptoms of isolation. Living alone after a MI is a significant predictor of poor prognosis [71] and a low social support network predicts 1-year mortality as well as other classical risk factors such as high cholesterol, tobacco use, and hypertension [85] . Post-discharge SI increased allcause mortality rate, hospital readmission, and re-infarction, even after controlling for other risk factors [11, 109] .
SI, sex differences and CVD in humans
Interestingly, sex differences exist in the amount of risk attributable to SI in coronary artery disease (CAD) incidence, post-CAD cardiac morbidity and mortality [9] , and all-cause mortality [54] . Men living alone have higher overall mortality rates than women living alone after MI [109] . However, the risk of a fatal CVD event was twice as likely in women devoid of social ties within 9 years after adjustment for other coronary risk factors [137] . Interestingly in stroke studies, women have higher rates of disability, recurrence, and death after stroke [102] . This data implies that the pathophysiological processes underlying the link between isolation and CVD may be subject to sex hormone regulation or more subtle differences in sex chromosome complement and may differ based on the disease phenotype. As vascular disease affects older, post-menopausal women, these sex differences likely go beyond the acute systemic effects of testosterone and estrogen on the neuroendocrine and immune systems. Research efforts should be directed toward investigating sex-specific factors such as sex chromosome complement and organizational effects of gonadal hormones in vascular disease.
Prior SI and ischemic stroke in humans SI has been associated with increased risk of incident stroke in both males [70] and females with established CVD Fig. 3 SNS-mediated leukocyte dysregulation with stress. Chronic stressors (such as repeated social disruption) exacerbate the activity of the sympathetic branch of the autonomic nervous system. These motor projections innervate bone marrow throughout the body, releasing norepinephrine (NE) into the synaptic space. NE binds to G-protein coupled β-adrenergic receptors present on the hematopoietic stem cell membrane to drive it toward a monocytic/ granulocytic progenitor cell (via cAMP-PKA signaling). Pharmacological antagonists (propranolol) rescue the nonstressed phenotype, reducing the percentage of circulating immature pro-inflammatory monocytes to control levels. This figure was generated using Servier Medical Arts including suspected MI [106] . The Atherosclerosis Risk in Communities (ARIC) study reports a 44 % increased risk of incident stroke in both males and females with a small social network [88] . Low-grade chronic systemic inflammation, previously shown to be associated with SI, is an established risk factor for stroke incidence and mortality in humans [86, 114] . Specifically, neuroendocrine (HPA) axis dysregulation [25] , chronic systemic inflammation [117] , and maladaptive behavioral changes [37] contribute to this pro-inflammatory environment.
There are currently no studies linking pre-stroke isolation to prognostic biomarker profiles and stroke outcomes. SI has been linked to elevated CRP [81] and serum IL-6 concentrations [82] . Indeed, the pro-inflammatory profile induced by SI is long lasting and may be established early in childhood, as isolated children had higher levels of CRP when measured at middle age [74] . As these inflammatory markers have been shown to increase stroke risk, are correlated with initial stroke severity, and in some studies, correlate with clinical outcome [75, 136] , exploring the relationship between these biomarkers, SI and stroke seems prudent. High levels could be used to identify "at risk populations" so that targeted therapies could be provided. Plasma levels of B-type natriuretic peptide (BNP), its N-terminal peptide (NT-proBNP), cortisol, and copeptin taken at the time of acute stroke hospital admission are highly discriminative prognostic indicators of both stroke severity and short-term functional outcome [124] . These molecules are neuroendocrine biomarkers released with SNS and HPA axis activation [35, 68] . Given the evidence for SNS and HPA axis dysregulation associated with chronic SI, it is possible that pre-stroke isolation may exacerbate histological damage through a neuroimmune proinflammatory priming effect [117] . Future prospective studies evaluating isolation as a risk factor for acute ischemic stroke should examine serum biomarkers at enrollment to assess their predictive value for either stroke incidence or severity.
Ischemic stroke and subsequent SI in humans
Considerable evidence has shown that patient outcomes after stroke are strongly influenced by psychosocial factors. Patients with high levels of social support or large social networks exhibit more rapid and extensive functional recovery after stroke than SI individuals [38] . Moreover, an increase in recurrent stroke and death was seen in the 5-year period following an initial stroke in isolated individuals [7] . This suggests that there is still an opportunity for interventions to reduce risk, even after the index event has occurred. A variety of factors likely contribute to poor outcomes after stroke in isolated patients, including an exacerbated and prolonged neuroinflammatory phase [117] , or even something as simple as reduced access to treatment with thrombolytics. SI and CVD in rodents: potential role of oxytocin Interestingly, atherosclerotic lesion volumes are significantly reduced in rabbits and monkeys that engage in affiliative social interaction relative to SI and PH animals experiencing antagonistic/combative social interaction [64, 95] . One proposed mechanism that is gaining attention is abnormal regulation of oxytocin (OT), a hypophyseal-secreted peptide that increases with affiliative social interaction [121] . OT has antioxidative and antiinflammatory properties in both vascular endothelial cells as well as macrophages [121] . In one study, oxytocin or vehicle was administered peripherally via osmotic minipumps in SI atherogenic ApoE−/− young male mice over a period of 12 weeks [90] . OT significantly reduced aortic atherosclerotic lesion volume and significantly decreased pro-inflammatory IL-6 secretion from adipose tissue. These results indicate that long-term peripheral administration of OT is protective in mouse models primarily by combating inflammation. OT has been implicated in animal models of ischemic stroke as a neuroprotective agent capable of reversing the exacerbated histological damage associated with SI [67] . Future studies should test the hypothesis that reduced OT secretion represents an important underlying pathological mechanism for SI in general, and whether it is linked to HPA or SNS function.
SI predisposes animals to CVD and exacerbates atherosclerosis [6] , and autonomic nervous system dysfunction may help explain this association as well [104] . In a study of the effects of pre-surgical SI on experimental cardiac arrest/cardiopulmonary resuscitation (CA/CPR) in mice, SI significantly increased SNS and decreased PSNS cardiac control after CA/CPR compared to pair-housed littermates, and these deficits lasted until at least day 7, indicating persistent autonomic dysfunction [92] . Female prairie voles similarly demonstrate various ANS functional parameter abnormalities including significantly increased heart rate [41] , decreased heart rate variability [41] , and diminished vagal regulation of the heart [42] following isolation. Two weeks of subcutaneous oxytocin (OT) administration reversed these ANS abnormalities and improved performance on behavioral tests of depression [42] . Taken together, this data suggests that isolation may impart ANS dysregulation via a mechanism involving OT deficiency, which may subsequently increase susceptibility to CVD through the development of cardiac arrhythmias as seen in humans.
SI and ischemic stroke in rodents
Similar to what happens in humans; pre-stroke SI increases histological damage, worsens behavioral deficits, delays functional recovery, and increases mortality after experimental stroke in mice [21, 66, 129] . See Fig. 4 for a comparison of infarct volumes. Though isolation is clearly associated with increased infarct volume in both sexes, the effect may be more pronounced in females [128] . Affiliative interaction prior to stroke improved motor function a week after injury [21] . Intra-ischemic plasma CRP was also decreased in PH animals [21] , suggesting that the presence of a partner prior to stroke attenuates susceptibility to inflammation. Interestingly, the use of a grid partition in the cage that prevented physical contact of PH mice increased infarct volume and decreased locomotor activity to levels observed in SI littermates [65] . This suggests that physical contact is necessary for the beneficial effects of affiliative interactions.
Do the detrimental effects of SI require pre-stroke isolation? As patients are often not identified as isolated or lonely prior to their event, there may only be opportunity for therapeutic intervention after an index event. Mice isolated immediately following stroke demonstrated increased infarct volumes and mortality [127] , as well as decreased brain-derived neurotrophic factor (BDNF) levels 2 months after stroke compared to mice that remained in pair housing [93] . See Fig. 5 for a visual comparison of BDNF staining between groups in the mouse striatum after 49 days. BDNF is known to play critical roles in neuroplasticity [97] , enhancing neuronal survival [79] , and increasing hippocampal neurogenesis [120] . Recent evidence has shown that chronic glucocorticoid exposure alters BDNF expression and signaling patterns [73, 113] , which may help explain stress-induced impairments in adult neurogenesis [110] . Taken together, this data suggests isolation may ultimately impair neurogenesis after ischemic insult via chronic HPA axis dysregulation.
Delaying isolation until 3 days after stroke ameliorated the detrimental effects of SI on infarct volume; however, isolated mice had persistent deficits in behavioral recovery, lower BDNF levels, and reduced neurogenesis 3 months after stroke compared to pair-housed littermates. Despite equivalent histological damage, isolated mice continued to die, even weeks after the stroke [127] . This data suggests that the molecular, cellular, and behavioral changes observed in the ischemic brain due to SI are both long lasting and independent of infarct size.
SI also exacerbates the post-stroke neuroinflammatory response. Inhibition of NF-κB and intracerebroventricular (ICV) injection of an IL-6 neutralizing antibody reversed SI-induced damage [66, 129] . The results of studies investigating the effect of isolation on post-stroke neuroinflammation are summarized in Table 2 . GR signaling also appears to play a role in the ischemic response to social stress as mifepristone, a GR antagonist, reversed the detrimental effects of social stress on stroke outcome [119] . Chronic or peri-ischemic elevations in glucocorticoid levels have been associated with poorer stroke outcomes in both humans and rodents [117] . Therefore, both stress and isolation contribute to enhanced inflammatory responses to stroke, prolonging inflammation, contributing to secondary injury [117] .
Part IV: isolation and cognitive function, dementia, and Alzheimer's disease SI and cognitive decline in humans Social isolation has the potential to impact the brain beyond cardiovascular diseases. Indeed, cognition in both health and disease is susceptible to the influence of social stressors. SI increases the risk of future cognitive impairment in old age [4] . Individuals with larger social networks and more social engagement demonstrate greater global cognitive function and a reduced rate of cognitive decline with aging [3] . The rate of memory decline effectively doubles in SI individuals in comparison to socially integrated participants [34] .
Elevated cortisol levels have been associated with impairments in cognition [76] . Furthermore, heightened inflammation as detected by elevated circulating IL-6 levels and intracellular production of pro-inflammatory cytokines by monocytes have been linked to cognitive decline [83, 112] . The latter finding is reminiscent of studies in rodents that show SNS-mediated pro-inflammatory monocyte egresses from the bone marrow. Taken together, it is feasible to attribute the link between isolation and cognitive decline to the downstream pro-inflammatory outputs of HPA axis and ANS perturbation. Further support for this mechanism is evidenced by analysis of hippocampal atrophy, which has been associated with cognitive decline [60] . As expected, hippocampal atrophy has been linked with HPA axis alterations, such as cortisol elevation [72, 139] , and increased levels of pro-inflammatory cytokines such as IL-6 [118] . It is possible that the pathological mechanisms underlying the association between isolation and impaired cognition may similarly contribute to more devastating forms of cognitive decline including dementia and Alzheimer's disease. SI, dementia and Alzheimer's disease in humans Dementia involves cognitive deterioration and decline beyond what is seen with normal aging or mild cognitive impairment. It has been estimated that dementia afflicts 24.3 million people worldwide as of 2001, and that this number will double by 2020, with Alzheimer's disease (AD) being the primary cause of the disorder [36] . In an early study, SI, measured only by marital status, was a risk factor for AD after adjustments for confounders [46] . Furthermore, a low level of social engagement has repeatedly been identified as a risk factor for dementia [107, 133] .
Individuals afflicted by AD have higher levels of cortisol [98] and heightened cortisol levels have been associated with more rapid cognitive decline and hippocampal atrophy among AD patients [22, 57] . This data suggests a role for HPA axis dysregulation in moderating the rate of disease progression. Cortisol levels also positively correlate with amyloid-beta brain burden [123] , potentially indicating a direct influence on disease pathogenesis, or at least providing a novel prognostic biomarker for AD patients. Furthermore, increased inflammatory markers associated that was PH with a healthy (sham) partner, ST/ST shows a stroked mouse brain that was PH with an unhealthy (stroked) partner, and ST/ISO describes a stroked and isolated mouse. Post-stroke isolation was associated with significantly decreased BDNF signaling, suggesting that isolation decreased neuroplasticity and neurogenesis after ischemic injury. Reprinted from O'Keefe et al. [93] , with permission from Elsevier with HPA axis alterations and isolation can be found in AD patients such as IL-6 and CRP [47] can increase the risk of developing dementia and Alzheimer's [33] , and can increase the rate of cognitive decline associated with AD [50] . Again reminiscent of SNS-driven myelopoiesis, circulating monocytes appear to shift to a more inflammatory state in the context of AD, favoring the production of IL-6 and CCR2, a monocyte chemoattractant [108] . Therefore, it appears that SI can induce both SNS and HPA axis alterations to influence the manifestation of dementia and AD.
It is known that the onset and severity of clinical symptoms in patients with neuropathological hallmarks of AD can vary dramatically, even among patients with a similar plaque burden [69] . Moreover, individuals with larger social networks demonstrate greater scores on tests of cognitive function compared to those with smaller networks even after controlling for the degree of global AD pathology [5] . To account for this, the concept of 'brain reserve' has been developed, which posits that larger brains have more neural matter that can be lost to normal aging or disease-related injury before clinical symptoms manifest [115, 116] . Indeed, social engagement has been linked to larger brain volumes as determined by MRI [61] . Presumably, individuals who engage in affiliative interaction are more resistant to the development of dementia and AD by virtue of greater reserve. Yet, the question of how SI mechanistically reduces brain reserve warrants greater investigation. Smaller brain volumes associated with SI may be mediated by inflammation-induced cell damage as the HPA axis and SNS shift towards a pro-inflammatory state. It is also possible that chronic stressors such as SI exacerbate the oxidative stress-mediated damage that is found in AD patients [100] as stress and HPA axis activity are associated with increased oxidative damage [2] , and this damage may reduce available brain reserve. Increases in inflammation and oxidative stress likely reduce total neural substrate, and thus brain 'reserve', in isolated AD patients, allowing clinical symptoms to manifest at earlier stages of neuropathology. While cognitive reserve may partially account for the variable phenotypes of this disease, it is likely not the only factor. As in the case of ischemic stroke, sex differences can influence both disease pathology and clinical symptoms. SI, sex differences and Alzheimer's disease in humans As differences in normal, healthy cognition between men and women are already well established, it is not surprising that sex differences in AD exist as well. Women have an increased risk for developing AD pathology, in addition to displaying a faster rate of cognitive decline [78] . This suggests that, similar to vascular disorders, sex hormones modulate the relationship between SI and worsen AD prognosis. To further complicate the matter, meta-analysis shows that stroke increases the risk of AD [142] , and so sex differences in stroke will also influence the subsequent risk of AD. Therefore, SI and its link to AD display regulation by sex hormones at multiple levels, underscoring the need for critical examination of sex factors in future clinical and animal AD studies. Increased striatal GFAP gene expression at 12 h post-injury N/A Karelina et al. [66] Utilize the global cerebral ischemia model Weil et al. [135] SI and Alzheimer's disease in rodents
In transgenic mice, SI attenuates cell proliferation in the hippocampus, impairs contextual memory, and increases the rate of amyloid-beta plaque formation [28] . Furthermore, SI impairs spatial working memory, increases hippocampal Aβ and decreases the number of cholinergic, serotonergic and noradrenergic neurons in the brain [58] . The effects of SI in transgenic models of AD are summarized in Table 3 . Similar to what has been reported for CVD and stroke, SI increased plasma corticosterone, GR levels and corticotropin-releasing factor receptor-1 expression in a murine AD model [29] . This was associated with decreased hippocampal volume. Plasma corticosterone levels also positively correlated with amyloid plaque deposition and inversely correlated with hippocampal volume, mirroring findings in humans [57, 123] . Furthermore, increased HPA axis activity (via exogenous administration of glucocorticoids) in transgenic mice led to accelerated Aβ formation and tau accumulation, the primary component of neurofibrillary tangles seen in AD brains [40] . Interestingly, endogenous plasma corticosterone levels only increased after the development of AD pathology in transgenic mice. As a chronic stressor, SI may increase the risk of developing AD or worsen pathology in established AD by causing HPA axis hyperactivity and elevated glucocorticoid levels.
Hsiao et al. [56] found that SI also induced an increase in the activity of the enzymes that produce Aβ peptide, β-and γ-secretase. Mechanistically, oxidative stress induced by SI [143] increased the activity of β-and γ-secretases, increasing Aβ levels, further impairing cognitive function as neuropathology progresses. Chronic treatment with the antioxidant N-acetylcysteine helped reverse these SIinduced effects, lending support for the idea that SI influences AD pathology, at least in part, via oxidative stress [55] . As oxidative stress appears to mediate the effect of SI on HPA axis function [17] , it is possible that neuroendocrine dysregulation is involved in this mechanism as well.
Taken together, these results suggest an intricate pathway whereby isolation induces oxidative stress and subsequent HPA axis dysfunction, increasing the likelihood of developing AD pathology. After the development of plaques and/ or neurofibrillary tangles, the HPA axis is further dysregulated, resulting in accelerated and uninhibited pathology development, cell death and cognitive deterioration.
The SNS may also play a mediating role in the influence of SI on AD development. Propranolol, the β-blocker found to ameliorate the stress-induced upregulation of proinflammatory myelopoiesis [99] , attenuated cognitive deficits, amyloid accumulation, and tau phosphorylation in AD transgenic mice [27] . Genetic inhibition of β2-adrenergic receptors in particular has been shown to reduce tau pathology [138] . Furthermore, stress-induced increases in amyloid-beta peptide are mediated partly by β2-adrenergic receptor activation, and are reduced after receptor antagonist treatment [141] . This pathway appears to involve elevated γ-secretase activity downstream to β2-adrenergic receptor activation [91] . Collectively, this data suggests SI may exacerbate progression of established AD in mice via β-adrenergic receptor activation, associated downstream enzymatic activities, and inflammatory myelopoiesis. Future studies should investigate the efficacy and mechanisms of β-blockers in the treatment of SI-induced worsening of AD pathology and symptoms. The mechanisms potentially involved in the detrimental effects of SI in AD are illustrated in Fig. 6 .
Conclusion
Psychosocial stressors, including SI, have been shown to exacerbate disease-related morbidity and mortality. Isolation influences both the risk of disease and enhances deleterious outcomes after acute events. The past several decades have provided a large body of epidemiological and experimental evidence that support various potential underlying mechanisms, though much remains to be discovered. 
Tg2576
Increased Aβ brain levels and Aβ plaques, plasma corticosterone, glucocorticoid receptor and corticotropin-releasing factor receptor-1 expression, and hippocampal atrophy Dong et al. [29] APP/PS1 Impaired spatial working memory, increased beta-amyloid levels in hippocampus, and, in certain brain regions, increased MnSOD levels, decreased cholinergic, serotonergic, and noradrenergic neurons, and decreased NMDA 2B receptor levels Huang et al. [58] APP/PS1 Impaired contextual memory, decreased long-term potentiation magnitude in hippocampal CA1 neurons, increased Aβ levels in hippocampus, increased β-and γ-secretase activity, calpain activity and p25/p35 ratio, decreased membrane-associated p35, GluR1 Ser831 phosphorylation and surface expression of AMPA receptors, and decreased association of p35 and α-CaMKII
Hsiao et al. [56] Impaired HPA axis feedback mechanisms and SNS-driven myelopoiesis shift the cellular environment to a proinflammatory state, accounting for the observed increases in susceptibility to inflammatory disease following chronic social stress. Changes in leukocyte trafficking patterns as well as disinhibited pro-inflammatory gene expression increase disease incidence and exacerbate damage in both cardiovascular and cerebrovascular diseases. Alterations in HPA axis and SNS dynamics increase the risk of cognitive impairment and Alzheimer's disease, in addition to accelerating disease progression and cognitive decline. Moving forward, it will be important to develop standardized methods for measuring isolation, and to discriminate isolationspecific effects from those of the frequently experienced comorbid conditions of loneliness and depression. Sex differences have also been reported in numerous epidemiological studies investigating isolation, subjective loneliness, and disease outcomes. The organizational effects of sex hormones and their contribution to disease susceptibility cannot be ignored when developing novel drug targets. The overwhelming evidence regarding the deleterious health effects of isolation should warrant routine 'psychosocial' screening upon hospital admission or during regular checkups so that these individuals are identified early and efficacious interventions can be swiftly implemented. This figure was generated using Servier Medical Arts
